Introduction
High energy muon beams at proton accelerators are produced by pion decay in flight . Due to the parity violating nature of the weak decay ar -lt,v, such beams are polarised. Experiments using the polarisation of muon beams have measured electroweak effects in the muon-quark interaction [1] and have determined the spin dependent structure functions of the nucleon [2, 3] . In the first measurement of the proton spin dependent structure function gr(x) with a muon beam, the value of the beam polarisation was determined by a Monte Carlo simulation with an estimated accuracy of 7.5% [2] . The SMC experiment is presently being carried out at CERN [4] to measure the spin structure functions of the proton and the deuteron . To reach the goals of the SMC experiment, it is necessary to measure the muon beam polarisation to an accuracy better than 5% . Two methods are used to achieve this goal . The first one determines the beam polarisation from the energy spectrum of positrons from muon decay. A complementary method which has different systematic uncertainties is based on measuring the asymmetry in polarised muon-electron scattering [5] . It will be described in a forthcoming publication . This paper describes the muon decay polarimeter which is now used in the SMC experiment, and the results obtained from experimental runs in 1991 and 1992.
The first measurement of the polarisation of a muon beam was intended to test the prediction of a helicity + 1 for the muon from the decay of a negative pion [6] . The experimental technique was to measure the asymmetry in the production of knock-on electrons from a series of iron foils in which the magnetisation was reversed . The electrons were identified and their energies were measured in a shower detector consisting of plastic scintillators interleaved with the iron foils. The helicity of the muon was shown to be compatible with + 1 to an accuracy of 30%.
Because of their interest in measuring parity violation in polarised muon-nucleon deep inelastic scattering, Golovkin et al . [7] measured the polarisation of the muon beam at Serpukov . They used the average value of the positron energy spectrum from muon decay in flight to measure the polarisation difference for oppositely polarised muon beams. The muon beam momentum was measured by a magnetic spectrometer . Downstream of the muon momentum analysing magnet, the beginning of the decay path was defined by a lead filter, designed to absorb incoming electrons. Positrons were identified by calorimetry directly in the beam line . The polarisation difference of 0.8 between the two beams in the momentum range 19-23 GeV was measured to an accuracy of = 20%.
The polarisation of the CERN SPS muon beam was first determined by Bollini et al . [8] . They measured the momentum spectrum of the decay positrons produced along a 300 m decay path . A bending magnet of the muon beam transport system was used to analyse the momentum of the positrons which were identified in a single lead-glass counter. A large error was due to a 10% uncertainty in the muon flux normalisation . The overall error on the polarisation was estimated to range from 10 to 15%. Within this uncertainty, the measured polarisation agreed with a Monte Carlo simulation of the beam phase space and transport system .
Experimental method
The longitudinal polarisation of a positive muon emitted in the hadron rest frame at an angle 0 relative to the momentum of the hadron in the laboratory frame is : E*cos 0* +p* Pw(9 *) --E* +p*cos 9* , B . Adeva et al. /Nucl. Instr. and Meth. in Phys. Res. A 343 (1994) [363] [364] [365] [366] [367] [368] [369] [370] [371] [372] [373] where P,, is defined in the muon rest frame and all other variables are expressed in the pion rest frame [9] ; p * and E * are the muon momentum and energy . In terms of kinematic variables measured in the laboratory frame, this formula becomes in the relativistic limit:
u + (m w/m ') (1 -u) where longitudinal muon polarisations P,, = -l, 0, + 1 . 2 ) .
The measurement of the energy spectrum of positrons from muon decay in flight, w + -e + vevw provides a method to measure the muon beam polarisation . In the rest frame of a positive muon, the decay positron is preferentially emitted in the muon spin direction. The positron energy distribution is known as the Michel spectrum [10] . The Lorentz boost produces an energy distribution in the laboratory system which is sensitive to the polarisation of the muon beam . It is given by the expression [11, 12] 
The variable y = E,/E L is the ratio of positron and muon energies . At our energies, y is equivalent to the ratio of the momenta of the two particles. N is the number of muon decays . The determination of the spectrum requires the measurement of both the muon and electron momenta. Fig. 1 shows the positron spectrum for different values of the muon polarisation Pw. It is particularly sensitive to PW at large y, but this region is hard to measure, because the decay positrons are difficult to separate from the high flux region of the muon beam . The central part of the spectrum is more easily accessible with a standard magnetic spectrometer.
Radiative corrections modify the shape of the spectrum given by Eq . (4). These include first order QED Diagrams (d) and (e) refer to the radiative decay channel w+~e+ vv,-y .
The CERN M2 muon beam used for the SMC experiment [13, 14] is produced by bombarding a beryllium production target with the 450 GeV SPS proton beam. The secondary hadrons produced are mostly pions, with a kaon admixture that is smaller than 3% for muon beams of 100 GeV energy . Pions and kaons The polarisation of a muon beam is determined by the momentum bands of both the parent pions and the decay muons accepted by the beam transport system . The measured longitudinal polarisation of the muon beam PN is the mean value of P,(B*) over the accepted phase space.
A value of P,, = -1 is obtained by selecting decay muons emitted at 9* = 0. A positive value of P,, is obtained for backward muons. Beams of forward muons have significantly higher intensity than those of backward muons (Fig . 4) . Thus, the SMC experiment has chosen to use forward w+ beams of 100 and 190 GeV obtained from pion beams of 110 and 210 GeV respectively, both with a polarisation PW = -0 .8 . The polarisation measurements presented in this paper have been obtained with 100 GeV w + from the decay of 110 GeV it' . A w+ beam of 100 GeV from the decay of 165 GeV -rr+, with a polarisation P,,= +0 .6, has also been studied .
A Monte Carlo program has been written to model in detail the phase space of parent hadrons and decay muons, and their propagation through the beam transport system [13] [14] [15] . The uncertainty in the beam polarisation obtained from this simulation is difficult to estimate . This is due largely to a lack of precise knowledge of the secondary pion spectrum, which must be input to the Monte Carlo. Additional uncertainties are due to kaon background in the pion beam, the shape of magnetic fields, the description of all the materials present along the muon beam line, and radiative energy losses of muons in the hadron absorber .
. Muon momentum determination
The 
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To sample a beam phase space identical to the one seen by the SMC spectrometer, the beam hodoscopes upstream of the SMC polarised target are read out by the polarimeter data acquisition . These hodoscopes consist of 16 planes of scintillation counters . There are 4 planes with counters oriented in the horizontal direction, 4 planes of vertical counters, and 2 X 4 planes oriented at ±45°with respect to the horizontal counters . Each plane consists of 20 elements which are 4 mm wide, 4 mm thick and 9 cm long . The angular resolution is 0.1 mrad and the reconstruction efficiency is higher than 90%. -The parent muon is identified upstream of a field-free decay region .
-The decay positron momentum is measured by a large acceptance magnetic spectometer .
-The decay positron is identified in a lead-glass calorimeter .
The polarimeter is located downstream of the SMC main spectrometer . The last dipole magnet of the beam transport system, located 10 m upstream of the beginning of the decay path, sweeps away most of the positrons which otherwise would contaminate the muon beam . A 33 m long decay path starts at the shower veto hodoscope (SV) and extends to the analysing magnet (MNP26). Along this decay path a telescope of three multiwire proportional chambers (MWPC), labeled PBCs, measures particle tracks before the analysing MNP26 Magnet 368 B. Adeva et at. /Nuet. Instr. and Meth magnet . Vacuum pipes are installed along the decay path between the chambers of this telescope to reduce bremsstrahlung of the decay positrons. Downstream of the analysing magnet, a second telescope of three MWPCs, called PPCs, tracks the deflected particles over a distance of 10 m before they reach the lead-glass calorimeter (LG) . The positron momentum Pe' is determined from the deflection in the MNP26 magnet as measured by the two MWPC telescopes . The lead-glass calorimeter measures the positron energy E e+ . The positron identification and the background rejection are based on the comparison of the positron energy deposited in the lead-glass calorimeter and the momentum measured by the magnetic spectrometer .
. Muon identification
The shower veto detector (SV) consists of an 8 mm thick lead radiator followed by two hodoscopes, each consisting of 32 plastic scintillation counters with a thickness of 40 mm . Each scintillation counter is equipped with a XP2020 Philips photomultiplier and a base designed to stand high rates. One hodoscope has vertical segmentation while the other one has a horizontal segmentation . In order to limit counting rates to a maximum of 2 MHz in any scintillator, the widths of the hodoscope elements vary from 4 mm in the central region of the beam to 2 cm in the peripheral region . The active surface covered by the shower veto hodoscopes is 20 cm X 20 cm . Positrons produced upstream of the decay path induce showers in the lead radiator and are distinguished from muons in the offline analysis by their higher pulse heights in the shower veto scintillators .
.2 . Particle tracking
The first wire chamber telescope is located upstream of the MNP26 magnet in the incident muon beam . This telescope consists of three modules of proportional chambers (labeled PBCs) with an active area 20 cm X 20 cm . Each module consists of four planes of wires with 1 mm pitch at four different orientations of 0°, 90°, -45°, 45°with respect to the horizontal plane. The cathodes are made of mylar foils coated with graphite . The chamber thickness is 3 X 10 -3 radiation lengths. RMH electronics is used for the readout of the beam chambers . This CERN standard was designed for high counting rates and uses high speed ECL technology [16] . The efficiency of each plane at a rate of 4 X 10 7 muons/pulse is of the order of 80% . For energies accepted by the spectrometer, decay positrons are emitted with angles less than 2 mrad . No determination is made of the position of the decay vertex.
The second wire chamber telescope is located downstream of the MNP26 magnet . This telescope is formed by three modules of proportional chambers. Each module consists of three planes with 2 mm pitch and wires at three different orientations, with respect to a vertical line, of 0°, 90°and 62°for PPC2, 0°, 60°a nd -60°for PPC3 and PPC4 . The dimensions of these chambers are 50 cm X 50 cm for PPC2 and 120 cm X 35 cm for PPC3 and PPC4 . These chambers are equipped with LeCroy PCOSII and PCOSIII readout electronics . The efficiency of each plane is higher than 90%. This telescope accepts decay positrons in the range 0.25 < y < 0.75. The maximum value of y is determined by positioning the chambers as close as possible to the beam .
. Positron momentum measurement
The analysing magnet MNP26 is a 6 m long, 0.5 m wide H dipole with a gap of 0.14 m. The magnet provides a field of 1 .4 T corresponding to a field integral fB -dl = 8.5 Tm . The overall precision on fB . dl is better than 7 X 10 -4 . The accuracy in the measurement of the positron momentum ranges from 0.5% to 1.5% .
The main uncertainty in p ./p,, arises from the error in the relative measurement of pe with the MNP26 spectrometer and p w with the BMS . The BMS was calibrated relative to the MNP26 spectrometer by deflecting the muon beam through the polarimeter . The remaining uncertainty arises from surveying errors since the PPC chambers have to be moved into the beam line for the calibration procedure. The resulting systematic error in pelpN is estimated to be 2 X 10 -3 .
Positron energy measurement
The positron energy is measured in an electromagnetic calorimeter consisting of three rows of 10 blocks each, of SF3 type lead-glass . Each block has a surface of 10 X 10 cm 2 and is 38 .5 cm deep, corresponding to 29 .5 radiation lengths; it is viewed by a 3 in . Hamamatsu R2238 fast photomultiplier . The responses of all calorimeter elements were equalised by moving them successively to the same position and measuring their pulse height spectra for the same bin of the e + energy spectrum . The energy calibration was done off-line by fitting the ADC channel number to the measured positron momentum . The resolution of the calorimeter is o,r,/E = 0.14/~E . We have found that an energy threshold of 10 GeV leads to a very efficient discrimination of positrons from muons. This energy is determined by first identifying the signal of maximum amplitude and then summing the signals from adjacent counters with signals larger than 0.5 GeV.
Trigger
The trigger consists of a fast pre-trigger PI for chamber strobing (RMH readout) and a final trigger P2 which starts TDCs, gates ADCs, strobes the PCOS readout and provides an event interrupt to the data acquisition. The pre-trigger P1 is an OR of a muon decay pre-trigger and a beam pre-trigger (Fig . 6 ) .
. Muon decay pre-trigger
The analog signals from the 30 lead glass blocks are summed . The resulting signal is processed in a double threshold discriminator with a higher threshold corresponding to a minimum energy deposit of 10 GeV. The lower threshold is used as the timing signal since it has smaller walk . The rate of this pre-trigger is 3000/pulse for a beam intensity of 4 X 10 7 incident muons/pulse.
Beam pre-trigger
Beam particles are identified by a coincidence between the horizontal and vertical shower veto counters .
These coincidences are prescaled to sample the beam distribution at a rate of 500 events/pulse. These data are used off-line to study the beam phase space and to provide beam information input for Monte Carlo studies.
The final trigger P2 requires, in addition to both pre-triggers, a single beam particle as measured in the shower veto hodoscopes within 50 ns of the pre-trigger .
Multiple beam tracks and electromagnetic backgrounds are rejected by using Majority Logic Units (MaLU) . This requirement rejects 60% of the pre-triggers.
Data acquisition system
The architecture of the data acquisition is based on the VME processor FIC8232 using the VxWorks 
Data analysis
The value of the muon beam polarisation is derived from the shape of the positron decay spectrum . This spectrum is determined by reconstructing particle tracks in the polarimeter after applying cuts on the information from the various detectors .
. Event reconstruction
Timing cuts are applied to the BMS to ensure that at least three planes have hits in time with the hits in the shower veto counter. Three BMS planes are the minimum to determine the muon momentum .
RMH STROBE
RMH CLEAR In the reconstruction of decay events, the muon entering the decay region is correlated with a positron signal in the lead glass calorimeter . This is done by applying timing cuts which require the lead glass and
shower veto hits to be in time within +_ 3 ns . In addition, the summed pulse height in each shower veto plane has to be smaller than 1 .6 times the average pulse height of a minimum ionizing particle (Fig . 7) .
We require a single reconstructed track in both the downstream and upstream telescopes . In fitting the upstream track, we take into account that the positron is emitted with an angle smaller than 2 mrad with respect to the muon direction . Three of four planes arc required in each PBC beam chamber and two of three planes are required in each downstream PPC chamber.
The positron momentum is determined using the magnetic field map of the MNP26 analysing magnet and is compared to the energy of the shower in the lead glass calorimeter (Fig . 8) . The band at 45°is due to the positrons from muon decays upstream of MNP26.
There is a background due to muons which decay cal to that produced by a V + beam . However for our experimental setup, most of the w + s which produce background positrons also fall within the polarimeter acceptance . Two charged particle tracks are detected and the event is rejected in the analysis . This is different for negative muons that are bent in opposite direction to e +. Double tracks corresponding to a correlated w --e+ pair do not fall within the polarimeter acceptance and are not observed . The positron spectrum created by a w -beam is therefore an overestimate of the corresponding background for a W+ beam . A Monte Carlo study of this difference shows that for our experimental conditions, the background of positrons from a R' beam is three times smaller than the background measured with a w -beam . Taking into account this correction, and the difference in the y dependence between the w+ and N. -background as given by the simulation, leads to a positron backgrounds of 0.8% shown in Fig. 10 . Due to the small level of this background and the uncertainty introduced by the Monte Carlo comparison, we have chosen not to subtract the background contribution and instead to include the effect as a component of the systematic error.
Response function of the apparatus and evaluation of PW
The response function A of the spectrometer is computed from a Monte Carlo simulation that also includes first order QED corrections to muon decay [17] . The beam polarisation is then determined using Eq . (4), after correcting the measured energy spectrum of the positrons for the simulated response function .
To determine the overall response function A(y) of the apparatus, beam muons are generated with position, direction, and momentum obtained from reconstructed experimental beam triggers . All muons are forced to decay between the shower veto and the downstream end of the magnet . Positrons are generated in the muon rest frame according to a decay spectrum for a given polarisation which includes the first order radiative corrections discussed in section 2. As a starting value for the muon polarisation we have taken -0 .8, but we have checked that the response function A(y) does not depend on this value when varying PW in the range -0 .7 to -0 .9. The propagation of all particles is simulated using the GEANT program [18] and the measured field map. The measured efficiencies of the downstream chambers, which may distort the observed spectrum, are included in the Monte Carlo simulation ; inefficiencies in the upstream chambers have negligible effect on the shape of the measured spectrum and are ignored. The hit information on all chambers and scintillation counters is digitised. The output from this Monte Carlo program is processed by the same analysis program as that used for the experimental data. The reconstructed spectrum is compared to the prediction of Eq . (4) to determine A(y) (Figs. 11 and 12 ). Correcting for this response function one obtains the decay spectrum shown in Fig.  13 . The muon polarisation Pp is determined by fitting Eq . (4) to the spectrum shown in Fig. 13 allowing P and N to vary freely . The fit is restricted to the region of the response function A(y) 0.34 _< y < 0.6 for which positrons travel through a region of the spectrometer which is well described by the Monte Carlo simulation (Fig . 12) . A polarisation of -0 .820 ± 0.035 is obtained from the corrected spectrum shown in Fig. 13 13 is due to the fact that particles in this region fall outside of the downstream proportional chambers .
Systematic uncertainties
We have evaluated the systematic error on our measurement coming from the uncertainties in p,lp er , positron background, energy loss, radiative corrections and geometrical acceptance by Monte Carlo simulation .
-The uncertainty in the determination of the p,/p,, ratio of 2 X 10 -3 discussed in section 4.3 leads to a systematic uncertainty in the polarisation of o , (PN,),, In = 0.01. For the 1991 run, this error turned out to be 0.03 due to a surveying ambiguity.
-The positron background shown in Fig. 10 increases the measured polarisation by 8PF,= +0 .01 . This correction is based on a combination of experimental measurements and a Monte Carlo simulation and has an uncertainty of the same order Q(P,)e += 0.011 .
-We assumed a muon beam polarisation of P-= -0.8 to calculate radiative corrections in the case of a negatively polarised muon beam and Pp = +0 .5 for a positively polarised beam . In the region of our measurement radiative corrections are essentially independent of the precise value of the beam polarisation . We estimate the contribution to the uncertainty due to radiative corrections to be o-(Pw )Rad Corr = 0 .008 .
-Energy losses of the muons and decay positrons can lead to an error in the determination of y = E,/EW. Ignoring this effect would shift the measured polarisation by 8Pw = -0 .05. We estimate that we can account for these effects to within 10% with our Monte Carlo simulation . Thus, we assume a contribution of 0_(P~)Eern ro,s = 0.005 to the systematic error.
-The contribution to the systematic error due to the Monte Carlo calculated geometrical acceptance which includes detector efficiencies is minimised by restricting the fit to the spectrum to the region of A(y) 0.34 < y < 0.6 . A systematic error of a(Pw)ecceptance = 0.01 is estimated for this calculation . The contributions to the systematic error are summarised in Table 1 . Adding these contributions in quadrature, we find a total systematic error: o,(Pw) =0 .022 .
. Experimental results

Outlook
We have measured the muon beam polarisation for three different experimental conditions . The results are listed in Table 2 . Also listed are the values calculated from a Monte Carlo simulation of the beam line . In order to check the accuracy of our estimate for the total systematic uncertainty we have made an additional measurement of the polarisation for a positively polarised muon beam . As shown in Table 2 , Monte Carlo calculations are consistent with all of our measured values .
This polarimeter measures the polarisation of the CERN SPS 100 GeV w+ beam used for the SMC experiment with a statistical accuracy better than 5% in 10 h of data acquisition . We estimate the total systematic uncertainty to be of the order of 3% .
The SMC also collects data with 190 GeV muons. For this case, acceptance limitation and the longer muon decay length necessitate four times longer data taking time to achieve the same statistical accuracy. This polarimeter will be used to monitor the stability of the muon beam polarisation . In addition, information from beam tracking hodoscopes positioned near the SMC polarised target is acquired . This will allow us to study the polarisation of the beam with the same phase space used for the measurement of the spin dependent structure function . The result of these studies will be reported in a later publication .
